-Previous studies from our laboratory showed that coronary arterioles from type 2 diabetic mice undergo inward hypertrophic remodeling and reduced stiffness. The aim of the current study was to determine if coronary resistance microvessels (CRMs) in Ossabaw swine with metabolic syndrome (MetS) undergo remodeling distinct from coronary conduit arteries. Male Ossabaw swine were fed normal (n ϭ 7, Lean) or hypercaloric high-fat (n ϭ 7, MetS) diets for 6 mo, and then CRMs were isolated and mounted on a pressure myograph. CRMs isolated from MetS swine exhibited decreased luminal diameters (126 Ϯ 5 and 105 Ϯ 9 m in Lean and MetS, respectively, P Ͻ 0.05) with thicker walls (18 Ϯ 3 and 31 Ϯ 3 m in Lean and MetS, respectively, P Ͻ 0.05), which doubled the wall-to-lumen ratio (14 Ϯ 2 and 30 Ϯ 2 in Lean and MetS, respectively, P Ͻ 0.01). Incremental modulus of elasticity (IME) and beta stiffness index (BSI) were reduced in CRMs isolated from MetS pigs (IME: 3.6 ϫ 10 6 Ϯ 0.7 ϫ 10 6 and 1.1 ϫ 10 6 Ϯ 0.2 ϫ 10 6 dyn/cm 2 in Lean and MetS, respectively, P Ͻ 0.001; BSI: 10.3 Ϯ 0.4 and 7.3 Ϯ 1.8 in Lean and MetS, respectively, P Ͻ 0.001). BSI in the left anterior descending coronary artery was augmented in pigs with MetS. Structural changes were associated with capillary rarefaction, decreased hyperemic-tobasal coronary flow velocity ratio, and augmented myogenic tone. MetS CRMs showed a reduced collagen-to-elastin ratio, while immunostaining for the receptor for advanced glycation end products was selectively increased in the left anterior descending coronary artery. These data suggest that MetS causes hypertrophic inward remodeling of CRMs and capillary rarefaction, which contribute to decreased coronary flow and myocardial ischemia. Moreover, our data demonstrate novel differential remodeling between coronary micro-and macrovessels in a clinically relevant model of MetS. type 2 diabetes; vascular mechanics; coronary flow; extracellular matrix; receptor for advanced glycation end products METABOLIC SYNDROME (MetS), also called syndrome X, is a cluster of risk factors that include abdominal obesity, dyslipidemia, hypercholesterolemia, hypertension, and hyperglycemia (19, 38) . The prevalence of MetS is increasing in adolescent (13, 44) and adult (18) populations, regardless of sex, and it currently afflicts one-third of the US adult population and one-fourth of the world population (18). Individually, all these components are associated with increased risk of type 2 diabetes [diabetes mellitus (DM)] and cardiovascular disease, and, collectively, MetS patients are at a higher risk of cardiovascular disease, including myocardial infarction (38). The consequences of these cardiovascular sequelae clustered as MetS are poorly understood, although recent studies suggest cardiac and vascular dysfunction (47), including coronary endothelial dysfunction (10, 36). Moreover, MetS patients are at a two-to fourfold increased risk of myocardial infarction, implicating coronary artery disease as a consequence of MetS pathophysiology (38).
it currently afflicts one-third of the US adult population and one-fourth of the world population (18) . Individually, all these components are associated with increased risk of type 2 diabetes [diabetes mellitus (DM)] and cardiovascular disease, and, collectively, MetS patients are at a higher risk of cardiovascular disease, including myocardial infarction (38) . The consequences of these cardiovascular sequelae clustered as MetS are poorly understood, although recent studies suggest cardiac and vascular dysfunction (47) , including coronary endothelial dysfunction (10, 36) . Moreover, MetS patients are at a two-to fourfold increased risk of myocardial infarction, implicating coronary artery disease as a consequence of MetS pathophysiology (38) .
The coronary vascular complications of each component of MetS, including hypertension, diabetes/insulin resistance, and obesity, are associated with endothelial and smooth muscle dysfunction, leading to marked alterations in coronary vascular reactivity (7) and coronary flow (24) . These observations have been elucidated in humans (32, 37) and in several animal models, including diabetic db/db mice (3, 35) , Ossabaw swine with MetS (6, 9, 10, 36) , and spontaneously hypertensive rats (1) . Concomitantly with endothelial dysfunction, vascular remodeling remains a synergistic complication in DM, as evidenced by recent studies from our laboratory demonstrating inward hypertrophic remodeling of coronary resistance arterioles or outward hypertrophic remodeling of mesenteric resistance arterioles isolated from diabetic db/db mice (22, 43) . These findings were associated with impaired coronary flow reserve or augmented mesenteric flow, respectively, providing convincing evidence that resistance microvascular structure can impart changes in regional blood flow. Furthermore, in a departure from reports of increased aortic stiffness in DM, our study further showed that diabetic coronary resistance microvessels (CRMs) were less stiff, a finding associated with a collagen-elastin imbalance (22) . Although adverse vascular remodeling has also been reported in hypertension (2, 39) , little is known about the impact of MetS on vascular remodeling. Therefore, the aim of the current study was to determine whether 1) CRMs undergo remodeling in MetS and 2) there was any discordant remodeling between CRM and coronary conduit arteries, such as the left anterior descending coronary artery (LAD). To accomplish this aim, we tested the hypothesis that the coronary microcirculation undergoes inward hypertrophic remodeling associated with reduced stiffness, differing from that of upstream conduit arteries in MetS.
MATERIALS AND METHODS
Animals. Male Ossabaw swine were bred and maintained by the Comparative Medicine Program, jointly maintained by Indiana University and Purdue University. All procedures were approved by the Institutional Animal Care and Use Committee of Indiana University School of Medicine. Lean Ossabaw swine (n ϭ 7) were fed a normal diet consisting of standard chow with 22% of kilocalories from protein, 70% from carbohydrates, and 8% from fat. Obese Ossabaw swine (n ϭ 7) were fed an excess-calorie high-fat diet (ϳ4,500 kcal/day, Purina TestDiet, Richmond, IN) consisting of 13% of kilocalories from protein, 40% from carbohydrates, and 47% from fat, with 2% cholesterol provided for 6 mo. Previous studies indicate that this diet induces MetS that closely matches the human phenotype because of the presence of a thrifty genotype in these pigs (30, 33) . All experiments, except coronary flow velocity and coronary pressureflow autoregulation experiments, were performed in this cohort of animals.
Blood pressure, heart rate, fasting plasma glucose, intravenous glucose tolerance test, and cholesterol. Swine were acclimatized to restraint in a specialized sling for 5-7 days before the intravenous glucose tolerance test (IVGTT) was conducted. The IVGTT was conducted within 1 wk before the animals were euthanized. Swine were fasted overnight and anesthetized with isoflurane (maintained at 4 -5% by mask with supplemental O 2). The right jugular vein was catheterized percutaneously (12, 17, 45) . After catheterization, the swine were allowed to recover for 3 h before the IVGTT to avoid any effect of isoflurane on insulin signaling (34) . After restraint of conscious swine in the sling, tail cuff blood pressure and heart rate measurements and baseline (fasting) blood samples were obtained as previously described (34, 50) . Pigs were acclimated to the sling and to tail cuff blood pressure measurements for 7-10 days before starting the study. All blood pressure measurements were taken at the same time (9 -11 AM). Glucose (1 g/kg body wt iv) was administered, and timed blood samples were collected (34) . Blood glucose was measured using a glucose analyzer (model YSI 2300 STAT Plus, YSI Life Sciences, Yellow Springs, OH). Plasma insulin assays were performed by Linco Research Laboratories (St. Charles, MO). Venous blood samples were obtained in the week before the animals were euthanized following overnight fasting and were analyzed for triglyceride and total cholesterol, as previously described by us (15) (16) (17) .
Preparation of CRMs. Ossabaw swine were anesthetized using 2-3% isoflurane vaporized with 100% O 2. The heart was excised and dissected in 4°C physiological salt solution (PSS; in mM: 130 NaCl, 4 KCl, 1.2 MgSO 4, 4 NaHCO3, 10 HEPES, 1.2 KH2PO4, 5 glucose, and 2.5 CaCl2, pH 7.4). CRMs (Ͻ150 m ID, n ϭ 7 per group) were isolated from the left ventricular side of the distal LAD, excised, and mounted onto two glass microcannulas within a pressure myograph chamber (Living Systems, Burlington, VT). Prior to any measurements, vessels were equilibrated for 30 min under constant intraluminal pressure (50 mmHg) at 37°C in PSS. Internal diameter and left and right wall thickness were measured using a video dimension analyzer (Living Systems) and continuously recorded using LabChart 6 data acquisition software connected to a data acquisition module (PowerLab 16/30, ADInstruments, Colorado Springs, CO).
Measurements of coronary resistance microvascular passive structures and mechanical properties. All experiments were performed in Ca 2ϩ -free PSS in the presence of 2 mM EGTA and 100 M sodium nitroprusside. To generate a passive pressure-diameter curve, intraluminal pressure was increased from a minimum of 0 mmHg to a maximum of 125 mmHg, and left and right ventricular wall thickness (WT) and internal diameter (D i) were recorded at 0, 10, 25, 50, 75, 100, and 125 mmHg. The following structural and mechanical parameters were calculated as previously described by us (22) 
where (Di)L and (Di)M are luminal diameters of Lean and MetS vessels, respectively, and (Di)remodel represents the remodeled lumen
where (De)M is external diameter of MetS vessels and CSAL is CSA of control Lean vessels.
where CSAM is CSA of MetS vessels.
where P is pressure (in dyn/cm 2 ).
where Di is the internal diameter for a given intraluminal pressure and D0 is the original diameter measured at 0 mmHg intraluminal pressure. Elastic modulus [stress ()/strain (ε)] is used to determine arterial stiffness. However, since the stress-strain relationship was nonlinear, we obtained the tangential or incremental elastic modulus, or simply the tangential slope of the stress-strain relationship at each incremental pressure (⌬/⌬ε). Remodeling index and growth index were calculated from group data; therefore, statistical analysis could not be performed.
Morphological assessment of coronary conduit remodeling. Distal LADs from Ossabaw swine with (n ϭ 6) and without (n ϭ 4) MetS were carefully isolated and fixed in 10% formalin, embedded in paraffin, sectioned at 5-m thickness, and stained with hematoxylin and eosin. Images (ϫ4 magnification) were captured using DP2-BSW software connected to a microscope (model IX51, Olympus America, Center Valley, PA). To minimize bias in morphological measurements of imperfectly rounded LADs, images were analyzed for luminal and external CSAs by a blinded individual, and morphological parameters, such as diameter and wall thickness, were calculated using the following equations
Coronary conduit mechanical measurements using intravascular ultrasound. The intravascular ultrasound (IVUS) procedure was performed as previously described by our group (33) . Briefly, after an overnight fast, swine received xylazine and telazol (2.2 and 5.5 mg/kg im, respectively). Swine were intubated, and anesthesia was maintained with 2-3% isoflurane vaporized with 100% O 2. The isoflurane level was adjusted to maintain anesthesia with stable hemodynamics. Heart rate, aortic blood pressure, respiratory rate, and electrocardiographic data were continuously monitored throughout the procedure.
Under sterile conditions, a 7F vascular introducer sheath was inserted into the right femoral artery, and heparin (200 U/kg) was administered. A 7F guiding catheter (sizes 0.75-2.0; Amplatz L, Cordis, Bridgewater, NJ) was advanced to engage the left main coronary ostium under fluoroscopic guidance. Coronary angiograms were obtained in right and left anterior oblique 30°views for clear documentation of coronary conduit anatomy. A 3.2F, 30-MHz IVUS catheter (Boston Scientific, Natick, MA) was advanced over a guide wire and positioned in the coronary artery. Automated IVUS pullbacks were performed at 0.5 mm/s. IVUS video images were acquired with a Sonos Intravascular Imaging System (Hewlett Packard), recorded to VHS tape, and digitized off-line for analysis. IVUS pullbacks were used to assess native atheroma.
BSI is a relevant measure of vascular stiffness that can be used as an aid in the clinical diagnosis of atherosclerosis. However, we employed BSI as a direct index of macrovascular stiffness in plaquefree regions of the coronary conduit arteries. LAD or circumflex coronary artery (CFX) CSAs were measured by a blinded individual during peak diastole and peak systole in atherosclerotic plaque-free coronary regions during three consecutive cardiac cycles, and coronary diameters and BSI were calculated using the following formulas, as previously described (46)
where SBP and DBP are systolic and diastolic blood pressures, respectively, and D s and Dd are luminal diameters during peak systole and peak diastole, respectively.
Coronary flow velocity. Coronary flow velocities were measured in a separate set of Lean (n ϭ 5) and MetS (n ϭ 3) Ossabaw pigs, as previously described (33) . Briefly, the ostium of the left main artery was engaged with the guiding catheter, and a Doppler flow wire (0.014 in. diameter; JoMed, Rancho Cordova, CA) was advanced down the CFX. After angiography-aided placement of the flow wire in a nonbranching section of the CFX, flow velocity signals were allowed to equilibrate for several minutes. Each average peak velocity value was calculated online as an average of instantaneous peak velocity over two consecutive cardiac cycles. Adenosine (0, 10, 25, and 70 g average) was introduced into the coronary circulation by a bolus infusion through the guiding catheter method validated by Kern et al. (23) . Coronary blood flow velocity was calculated in response to the absolute intracoronary adenosine doses indicated. The peak increase in coronary flow velocity typically occurred within 30 s of the infusion. After each adenosine bolus, coronary flow velocity was allowed to return to baseline. Pilot studies revealed that there were no alterations in coronary artery diameter during adenosine infusions (Alloosh and Sturek, unpublished observations), thereby validating the use of coronary flow velocity as a surrogate of quantitative flow in this model. All flow data were stored on videotape and personal computer for further off-line analysis. Data are reported as hyperemicto-basal coronary flow velocity ratio, which is the adenosine-induced hyperemic flow velocity divided by baseline flow velocity.
Coronary blood flow autoregulation. In vivo coronary blood flow responses to alterations in coronary perfusion pressures (CPPs) were measured in a separate set of swine [n ϭ 6 (Lean) and 4 (MetS)], as previously described (8) . Briefly, swine were initially sedated with Telazol (tiletamine-zolazepam, 5 mg/kg sc), xylazine (2.2 mg/kg sc), and ketamine (3.0 mg/kg sc). After endotracheal intubation and venous access, anesthesia was maintained with morphine (3.0 mg/kg sc) and ␣-chloralose (100 mg/kg iv). The animals were mechanically ventilated (Harvard respirator) with room air supplemented with O 2. Catheters were placed into the right femoral artery and vein for systemic hemodynamic measurements and administration of supplemental anesthesia, heparin, and sodium bicarbonate, respectively. The left femoral artery was catheterized to supply blood to an extracorporeal perfusion system used to perfuse the LAD at controlled pressures. Arterial blood gases were analyzed periodically throughout the experimental protocol, and adjustments were made as needed to maintain blood gas parameters within normal physiological limits (159 Ϯ 12 mmHg arterial PO 2, 43 Ϯ 1 mmHg arterial PCO2, pH 7.4 Ϯ 0.02). A left lateral thoracotomy was performed to expose the heart, and the LAD was isolated and cannulated distal to its first major diagonal branch following heparin administration (500 U/kg iv). CPP was regulated by a servo-controlled roller pump, and coronary blood flow was continuously measured by an in-line flow transducer (Transonic Systems, Ithaca, NY). After a stabilization period (ϳ20 min postcannulation), in vivo coronary pressure-flow autoregulation was assessed by 10-mmHg increment changes in CPP from 140 to 40 mmHg. Our previous studies indicate that myocardial O 2 consumption and venous PO2 in this preparation are stable over a range of perfusion pressures (8) . Data were continuously recorded and analyzed using IOX data acquisition software (EMKA Technologies, Falls Church, VA). Autoregulatory gain (Gc) was calculated using the following formula as previously described (8) Gc
where F is flow and P is pressure.
RNA isolation and quantitative PCR analysis. CRMs (Ͻ150 m, n ϭ 6 pools) and LADs (n ϭ 6) were isolated from the original cohort of Lean or MetS pigs, snap-frozen in liquid nitrogen, and stored at Ϫ80°C. Seven to 10 CRMs were isolated per animal, and CRMs from 2-3 animals were pooled for each "n" value and used to prepare total RNA using the Qiagen Micro Array kit according to the manufacturer's instructions. Tissue was allowed to thaw in QIAzol reagent and then disrupted at 4°C by repeated sonication. After chloroform extraction, aqueous phases were removed and RNA was isolated on mini spin columns. An on-column DNase digestion was performed according to the manufacturer's instructions. All samples were eluted with nuclease-free water, and RNA was quantitated using a spectrophotometer (NanoDrop, Thermo Fisher Scientific, Waltham, MA). Total RNA for each sample (400 ng per CRM pool and 600 ng per LAD) was reverse-transcribed using the RevertAid kit (Fermentas, Glen Burnie, MD) according to the manufacturer's protocol. Equivalent control reactions lacking reverse transcriptase were also performed.
Where possible, target mRNA sequences were derived from annotated or predicted Sus scrofa sequences (http://www.ncbi.nlm.nih.gov; Table 1 ) and verified for homology with annotated Bos taurus orthologs. Where no sequence data were available (elastin), primers with homology to human and bovine sequences were used to amplify cDNA prepared from pig heart tissue for sequence analysis. The elastin primers [5=-ATGGCGGGTCTGACGGCGG-3= (forward) and 5=-CCCCTGTCCCTGTTGGGTAACCAGC-3= (reverse)] amplified a 426-bp open reading frame (accession no. JN049646) with 90% nucleotide homology to bovine elastin (accession no. NM_175772.1).
Quantitative PCRs were performed in duplicate (or in singlet for control reactions lacking reverse transcriptase). PCRs were performed using primer/universal probe sets designed via the Roche Applied Science website (https://www.roche-applied-science.com/sis/rtpcr/ upl/index.jsp?idϭuplct_000000; Table 1 ). All PCRs (25 l) were performed on an Eppendorf Mastercycler ep realplex in opaque 96-well plates (Abgene, Waltham, MA) using 200 nM forward and reverse primer, 250 nM probe, and 1ϫ Maxima Probe/ROX qPCR master mix (Fermentas). For each target, equivalent amounts of reverse-transcribed CRM and LAD RNA (5-50 ng) were used. The amount of reverse-transcribed RNA was determined from preliminary experiments to obtain cycle threshold (C t) values in the 24 -28 range. Amplification parameters were as follows: 1 cycle at 95°C for 10 min, 95°C for 15 s, and 40 cycles at 60°C for 1 min. C t values were determined after normalization of thresholds and correction for drift. Relative expression was determined using the 2 Ϫ⌬⌬CT methodology (40) with normalization to the ribosomal subunit Rpl7.
Coronary capillary density/immunohistochemistry. Sections of cardiac tissue from the original cohort of Lean (n ϭ 7) and MetS (n ϭ 5) pigs harvested from the left ventricular side of the distal LAD were fixed in 10% buffered formalin, embedded in paraffin, and sectioned at 5-m thickness. Sections were deparaffanized in a graded series from xylenes to alcohol-water, and antigen retrieval was performed in citrate buffer at pH 6.0 (catalog no. 00-5000, Invitrogen, Carlsbad, CA) at 120°C, 15 psi for 30 min. Endogenous nonspecific binding was blocked [hydrogen peroxide, avidin-biotin (catalog no. 00-4303, Invitrogen), and serum] according to the manufacturer's protocol (catalog no. PK-6101, Vectastain Elite ABC Kit, Vector Laboratories, Burlingame, CA). Cardiac sections were incubated overnight at 4°C in 1% BSA, 0.1% Triton X-100, and 0.05% Tween 20 in PBS with a CD31 [platelet/endothelial cell adhesion molecule (PECAM-1)] antibody (1:100 dilution; catalog no. sc-1506, Santa Cruz Biotechnology, Santa Cruz, CA). Secondary antibody and ABC Elite reagent incubations were performed according to the manufacturer's protocol. 3,3=-Diaminobenzidine (catalog no. D4293, Sigma, St. Louis, MO) was used as the chromogen, and hematoxylin (catalog no. 6765015, Thermo Fisher Scientific) was used as the counterstain. Three images (ϫ40 magnification) per section were captured using DP2-BSW software connected to a microscope (model IX51, Olympus America, Center Valley, PA). Images were analyzed by a blinded individual using ImageJ software (National Institutes of Health) to count the number of capillaries per image, and data are represented as the number of capillaries per image area (in mm 2 ). Immunohistochemistry was performed using two antibodies directed against the angiotensin type 1 receptor (AT1R) and the receptor for advanced glycation end products (RAGE) using the avidin-biotin horseradish peroxidase technique. Sections of cardiac and LAD tissue from Lean (n ϭ 4) and MetS (n ϭ 4) pigs were fixed in 10% buffered formalin, embedded in paraffin, and sectioned at 5-m thickness. Sections were deparaffanized in a graded series from xylenes to alcohol-water, and antigen retrieval was performed in citrate buffer at pH 6.0 (catalog no. 00-5000, Invitrogen) at 120°C, 15 psi for 30 min. Endogenous nonspecific binding was blocked [hydrogen peroxide, avidin-biotin (catalog no. 00-4303, Invitrogen), and serum] according to the manufacturer's protocol (catalog no. PK-6101, Vectastain Elite ABC Kit). Sections were incubated overnight at 4°C in 1% BSA, 0.1% Triton X-100, and 0.05% Tween 20 in PBS with an AT 1R antibody (1:100 dilution; catalog no. AAR011, Alamone Labs, Jerusalem, Israel) or a RAGE antibody (1:50 dilution; catalog no. AB9714, Millipore, Billerica, MA). Secondary antibody and ABC Elite reagent incubations were performed according to the manufacturer's protocol. 3,3=-Diaminobenzidine staining and counterstaining were performed as described above.
Statistics. Values are means Ϯ SE. P Ͻ 0.05 denotes significance using GraphPad Prism 5.0 (GraphPad, LaJolla, CA). CRM structural, mechanical, and coronary flow velocity measurements were analyzed using two-way ANOVA followed by Bonferroni's post hoc test. All other measurements were analyzed using an unpaired Student's t-test.
RESULTS
Baseline Ossabaw swine characteristics. Body weights, total cholesterol, triglycerides, blood pressure, fasting blood glucose, and glucose tolerance tests were augmented in Ossabaw pigs fed a high-fat diet compared with Lean Ossabaw pigs, confirming the presence of MetS in this cohort of animals ( Table 2) .
Coronary microvascular structure and mechanics. To determine the impact of MetS on CRMs, coronary microvascular structure was measured passively in Ossabaw pigs with and without MetS. CRM from MetS Ossabaw swine exhibited reduced luminal diameter over a range of pressures ( Fig. 1A ; 126 Ϯ 5 and 105 Ϯ 9 m at 100 mmHg in Lean and MetS, respectively, P Ͻ 0.05), while external diameters were unchanged (Fig. 1B) . MetS CRMs displayed a near doubling in wall thickness ( Fig. 1C; 18 Ϯ 3 and 31 Ϯ 3 m at 100 mmHg in Lean and MetS, respectively, P Ͻ 0.05), which significantly increased the wall-to-lumen ratio ( Fig. 1D; 14 Ϯ 2 and 30 Ϯ 2 at 100 mmHg in Lean and MetS, respectively, P Ͻ 0.01). Growth index was augmented by 65% in the CRMs isolated from Ossabaw pigs with MetS compared with Lean pigs, while the remodeling index was reduced by 24%. Collectively, these parameters indicate that CRMs from MetS pigs undergo significant inward hypertrophic remodeling.
We next calculated mechanical properties of CRMs. Vascular wall stress was significantly reduced by 50% over a range of pressures in coronary microvessels isolated from MetS pigs (data not shown), a finding that contributed to a rightward shift and reduced slope of the CRM stress-strain curve ( Fig. 2A) . Direct calculations of incremental modulus (3.6 ϫ 10 6 Ϯ 0.7 ϫ 10 6 and 1.1 ϫ 10 6 Ϯ 0.2 ϫ 10 6 dyn/cm 2 at 100 mmHg in Lean Values are means Ϯ SE; n ϭ 7 per group. MetS, metabolic syndrome; SBP and DBP, systolic and diastolic blood pressure. *P Ͻ 0.05 vs. Lean. and MetS, respectively, P Ͻ 0.001) and BSI (10.3 Ϯ 0.4 and 7.3 Ϯ 1.8 at 100 mmHg in Lean and MetS, respectively, P Ͻ 0.001) confirmed the reduction in MetS CRM stiffness (Fig. 2 , B and C), which was also associated with increased CRM distensibility ( Fig. 2D ; 0.10 Ϯ 0.004 and 0.18 Ϯ 0.03 at 100 mmHg in Lean and MetS, respectively, P Ͻ 0.05).
Coronary macrovascular structure and mechanics. To determine whether MetS alters the structure or mechanics of larger conduit coronary arteries, we measured vascular remodeling of the LAD. Because of technical issues, our morphological measurements were limited to LAD sections that were not fixed at physiological pressures, although macrovascular mechanics were measured in vivo using IVUS. LAD structure was largely unchanged between MetS and Lean pigs, although a slight increase in wall thickness was observed in MetS animals (Table 3) . Conversely, an augmented BSI (4.70 Ϯ 0.81 and 6.71 Ϯ 0.32 in Lean and MetS, respectively, P Ͻ 0.05) was associated with a 53% reduction in distensibility (0.36 Ϯ 0.05 and 0.17 Ϯ 0.01 in Lean and MetS, respectively, P Ͻ 0.01) in LADs from MetS pigs (Fig. 3, A-C) , suggesting that MetS imparts a stiffening of the coronary conduit arteries.
Coronary capillary density, coronary flow, and coronary autoregulation. To assess whether MetS is associated with coronary capillary rarefaction, we measured coronary capillary density in hearts from Lean and MetS pigs. Coronary capillary density was significantly reduced by ϳ26% in MetS pigs (1,389 Ϯ 101 and 1,024 Ϯ 111 capillaries/mm 2 in Lean and MetS, respectively, P Ͻ 0.05), indicating capillary rarefaction (Fig. 4) . Because we observed a significant increase in cardiomyocyte CSA (mCSA; 674 Ϯ 54 and 848 Ϯ 42 m 2 in Lean and MetS, respectively, P Ͻ 0.05), we confirmed the presence of capillary rarefaction by normalizing it to mCSA. The number of coronary capillaries per mCSA remained reduced in MetS (0.068 Ϯ 0.016 and 0.044 Ϯ 0.005 in Lean and MetS, respectively, P Ͻ 0.05). Moreover, we also observed a 38% decrease in the ratio of adenosine-induced hyperemic-to-basal coronary blood flow velocity ( Fig. 5A; 3 .2 Ϯ 0.25 and 2.0 Ϯ 0.4 in Lean and MetS, respectively, P Ͻ 0.001). There were no overt alterations in baseline coronary blood flow velocity (14.4 Ϯ 0.8 and 14.0 Ϯ 2.5 cm/s in Lean and MetS, respectively, P Ͼ 0.05). The maintenance of coronary blood flow over a range of pressures (autoregulation) was enhanced in MetS pigs by an average of 23%, consistent with augmented myogenic tone (Fig. 5B) . The augmented Gc in the MetS coronary circulation from 60 to 120 mmHg failed to reach statistical significance (0.35 Ϯ 0.14 and 0.51 Ϯ 0.08 in Lean and MetS, respectively, P Ͼ 0.05). Importantly, the nonsignificant increase in Gc from 120 to 140 mmHg (Ϫ0.67 Ϯ 0.42 and 0.07 Ϯ 0.15 in Lean and MetS, respectively, P Ͼ 0.05) was associated with a significant increase in coronary vascular Molecular changes associated with coronary remodeling. We next investigated molecular mechanisms associated with the structural remodeling of CRMs and LADs. The relative amount of steady-state expression of collagen (Col1a1 and Col3a1) and elastin mRNA was lower in CRMs than LADs (data not shown). Collagen gene expression between Lean and MetS pigs remained largely unaltered in both vessel types (Fig. 6, A and B) , although a slight decrease in Col1a1 was observed in LADs from MetS pigs. Conversely, elastin mRNA expression was significantly upregulated nearly twofold only in CRMs from MetS pigs (Fig. 6C) . The Col3a1-to-elastin ratio was reduced by 47% (P Ͻ 0.01) in MetS CRMs, while the 44% reduction in Col1a1 did not achieve statistical significance (P ϭ 0.15). These ratios remained unchanged in MetS LADs (Fig. 6D) .
We found no significant changes in TGF-␤ receptor types 1 and 2 (data not shown) and AT 1 R mRNA (Fig. 7A ) or apparent differences in protein expression detected by immunohistochemistry (Fig. 7B ) between Lean and MetS CRMs or LADs. Interestingly, mRNA for RAGE was not different (Fig. 8A) , while RAGE protein appeared increased in LADs from MetS pigs compared with Lean controls (Fig. 8B, top) . Conversely, the more than twofold increase in RAGE mRNA in CRMs from MetS pigs (Fig. 8A ) did not correlate with a change in protein expression detected by immunohistochemistry (Fig. 8B, bottom) .
DISCUSSION
Traditionally, studies of the impact of MetS on the coronary circulation focused on atherosclerosis and endothelial dysfunction of macrovascular arteries such as the LAD. Indeed, our group and others have characterized coronary artery disease in the Ossabaw MetS model (6, 9, 10, 17, 21, 33, 36) . In this study, we compared coronary micro-and macrovascular structure and mechanical properties and related them to coronary blood flow and perfusion in this clinically relevant porcine model of MetS. Our results are the first to show that CRMs Fig. 2 . Coronary resistance microvessel passive mechanical properties. Stress-strain curve (A), representing coronary resistance microvessels (CRMs) from MetS pigs, was shifted to the right, corresponding to a reduced incremental modulus of elasticity (Einc; B) . D, luminal diameter; D0, original diameter measured at 0 mmHg intraluminal pressure. CRM beta stiffness index was reduced (C), whereas CRM distensibility was increased (D). Values are means Ϯ SE; n ϭ 7 per group. *P Ͻ 0.05; ***P Ͻ 0.001 vs. Lean. Values are means Ϯ SE; n ϭ 6 and 4 for Lean and MetS, respectively. LADs, left anterior descending coronary arteries; CSA, cross-sectional area. *P Ͻ 0.05 vs. Lean.
isolated from Ossabaw pigs with MetS undergo significant inward hypertrophic remodeling that is associated with reduced microvascular stiffness. We further show that MetS is associated with coronary capillary rarefaction, decreased hyperemicto-basal coronary flow velocity ratio, and augmented coronary pressure-flow autoregulation. Interestingly, the upstream LAD supplying these arterioles was not largely remodeled and was stiffer in Ossabaw MetS pigs. The selective reduction in the CRM collagen-to-elastin ratio and differential expression of RAGE may partially explain the novel and discordant alterations in vascular remodeling and stiffness between small resistance microvessels and larger conduit vessels in MetS.
Since MetS is a conglomeration of several different risk factors, it is important to find a suitable model that recapitulates most, if not all, of the individual components of MetS simulating the human condition. The Ossabaw swine model of MetS closely mimics the clinical components of the clinical syndrome (19, 38) . Data from previous studies (17, 45) and our current study show that Ossabaw swine fed a high-fat diet develop obesity, insulin resistance, hyperglycemia, hypertension, and hypercholesterolemia. Thus this animal model allowed us to determine micro-and macrovascular coronary remodeling in a clinically relevant setting.
Remodeling of the vascular system occurs in response to pathological insults, such as hypertension and diabetes (2, 22, 39, 43) , which can be inward (narrowing of the vascular lumen), outward (widening of the vascular lumen), hypotrophic, eutrophic, and/or hypertrophic in nature (31, 39) . The mechanisms that direct the different types of remodeling are largely unknown but may reflect a delicate balance between neurohormonal and hemodynamic stimuli. For example, studies from our laboratory showed that increased mesenteric blood flow was associated with outward remodeling of mesenteric arterioles of type 2 diabetic db/db mice (43) in the presence of elevated ANG II reported in this model (41) . Our current observations of significant inward hypertrophic remodeling of coronary arterioles in MetS are in keeping with studies from our laboratory showing a similar remodeling profile in coronary arterioles from DM mice (22) , as well as in cerebral arterioles in hypertensive rats (2) .
Vascular hypertrophic inward remodeling involves the encroachment of vascular smooth muscle cells (VSMCs) and extracellular matrix (ECM) on the vascular lumen. Microvascular remodeling in MetS is multifactorial, involving alterations in transmural and luminal pressure, the renin-angiotensin system, advanced glycation end products (AGE)-RAGE, in- flammation, and TFG-␤ signaling. The AT 1 R and RAGE regulate pathophysiological VSMC growth and ECM production. Surprisingly, we did not observe significant differences in AT 1 R mRNA or immunohistochemical expression in CMRs or LADs between Lean and MetS pigs, although AT 1 R immunostaining was abundantly present in both vessels. Conversely, RAGE gene expression was selectively increased by more than twofold in CRMs isolated from MetS vs. Lean pigs, while RAGE immunostaining revealed robust expression in LADs and CRMs that was visually augmented only in the LAD. The differences between RAGE mRNA and protein levels suggest that posttranscriptional regulation of RAGE may occur in CRMs. Collectively, these data suggest that MetS elicits a distinct pattern of receptor expression in the coronary microvasculature relative to the macrovasculature and that RAGE may be at least partly responsible for the inward hypertrophic remodeling of the CRMs and discordant expression of ECM components. Indeed, RAGE can increase proliferation and growth of VSMCs (48) . Furthermore, RAGE-dependent VSMC proliferation may involve the MAP kinases ERK and p38 (53), Rho-associated protein kinase 1 (11) , and STAT/ Pim1 (29) . It is important to note that the majority of these studies used VSMCs from macrovessels such as the aorta or carotid arteries; therefore, it is unclear whether the mechanisms learned from these cells are applicable to coronary microvascular VSMCs. Further studies are required to determine the exact role of the AT 1 R and RAGE in the pathogenesis of CRM remodeling in metabolic disorders such as DM and MetS.
Concomitant with structural remodeling, alterations in the mechanical properties of blood vessels also regulate flow. The structural stability and integrity of a blood vessel are dictated by the VSMCs and ECM components, such as collagen and elastin; therefore, alterations in the composition of these factors can ultimately determine vessel stiffness. For example, increased macrovascular stiffness reported in diabetes has been traditionally linked to enhanced fibrosis (28) associated with collagen accumulation or impaired ECM turnover due to AGErelated collagen cross-linking (26, 28, 42, 51) . Moreover, in addition to their contribution to the production of ECM components (4), the viscoelastic properties of the medial VSMCs make them less stiff than collagen (20) . Therefore, in the face of equal collagen expression between Lean and MetS CRMs, as shown in our current study, augmented growth of VSMCs may in part contribute to the reduction in CRM stiffness. Together with medial hypertrophy, we found that elastin expression was elevated only in CRMs isolated from MetS pigs, which reduced the collagen-to-elastin expression ratio. This imbalance in collagen and elastin in CRMs likely contributed to the reduced stiffness and increased distensibility of the coronary microvessels measured under passive conditions. Since elastin is more distensible than other ECM components, it is a prime determinant of the overall elasticity of the vessel wall. However, we cannot rule out the possibility of decreased collagen cross-linking in MetS CRMs in our study as an additional mechanism of reduced microvascular stiffness. Indeed, ECM components are regulated by a complex interplay of production, degradation by matrix metalloproteases/tissue inhibitors of metalloproteases, and cross-linking via AGEs. The exact mechanisms underlying reduced CRM stiffness are unclear but may also involve the renin-angiotensin system, RAGE, and TGF-␤. AT 1 R and RAGE activation augment TGF-␤ signaling, and TGF-␤ receptor type 1 signaling activates SMADs to alter elastin (14, 25, 55) . Given that AT 1 R and TGF-␤ receptors were unchanged in our study, RAGE signaling may predominate in the coronary microvessels to elicit changes in the ECM.
The net physiological effect of these remodeling processes hinges on whether they alter coronary perfusion. The uniqueness of coronary hemodynamics that ultimately dictate myocardial perfusion is regulated by an intimate interaction among the myocardial tissue, the coronary conduit arteries, and the coronary microcirculation (49) . Moreover, the impact of these interactions on coronary vascular remodeling is unknown, despite intensive investigation. Reductions in blood flow and myocardial perfusion are typically attributed to blockade of the coronary lumen by atherosclerotic plaques, as found in MetS patients, but significant reductions in blood flow only occur when the blockage has exceeded ϳ70% (23), which was not observed in our current study (not shown). Our data provide intriguing evidence that microvascular remodeling accounts for at least some of the deleterious ischemic events that occur in these patient populations. Furthermore, coronary capillary density is an index of myocardial perfusion (27) , and our data showing reduced coronary capillary density is in close agreement with our finding of impaired hyperemic-to-basal coronary flow velocity ratio in this MetS model. Since blood flow is a powerful regulatory mechanism in vascular remodeling (43) , impaired flow may be caused by or the effect of inward hypertrophic remodeling of the coronary microvasculature shown in this study. Further studies are necessary to delineate these mechanisms. Finally, coronary autoregulation, the ability to maintain blood flow over a range of pressures, was significantly increased in MetS due to enhanced coronary vascular resistance, which may be secondary to alterations in K ϩ and Ca 2ϩ channel regulation (8) . However, since hyperemic coronary flow is minimally influenced by coronary autoregulatory mechanisms, the decrease in hyperemic-to-basal coronary flow velocity ratio likely reflects adverse coronary microvascular remodeling. We cannot rule out alterations in adenosine receptor expression in the coronary vasculature of MetS as an additional mechanism (5); however, we reported impaired coronary flow reserve in type 2 diabetic db/db mice measured using isoflurane or adenosine (22) , suggesting that alterations in coronary flow reserve were independent of adenosine responses in a similar rodent animal model.
Increased ischemic events in type 2 DM patients or patients with MetS are historically attributed to increased dyslipidemiaassociated atherosclerosis that also typically accompanies met- abolic diseases (52) . The adverse impact of atherosclerosis on coronary circulation encompasses endothelial dysfunction (54) as well as occlusive hemodynamic blood flow; however, functional impairment in coronary flow only occurs in the presence of very significant atherosclerotic occlusion (ϳ70%) (23) . Our data provide intriguing evidence that microvascular remodeling accounts for at least some of the deleterious ischemic events in these patient populations. The utilization of the Ossabaw porcine model of MetS, which very closely mimics human MetS (19) , allowed us to determine whether coronary microvascular remodeling occurred in an animal model with atherosclerosis. Previous studies from our laboratory showed that coronary arterioles from DM mice undergo a similar remodeling profile in the absence of atherosclerosis (22) , so inward remodeling with an associated reduction in microvascular stiffness was independent of atherosclerosis. We postulate that enhanced atherosclerosis, as well as adverse microvascular remodeling in MetS in the presence of dyslipidemia, works synergistically to account for increased myocardial ischemic events.
Clinical Perspective
Diabetic and MetS patients have a significantly higher risk for myocardial infarction than patients without. The current consensus, based on data to date, shows that coronary artery narrowing by atherosclerotic plaque formation impairs coronary blood flow and, thus, myocardial O 2 /nutrient supply as a partial explanation for the higher incidence of heart attack in this population. Our current data showing inward hypertrophic remodeling of resistance microvessels, capillary rarefaction, and enhanced autoregulation in the Ossabaw model of MetS offer an additional mechanism by which DM and MetS patients are more at risk for myocardial infarction. Our study suggests that the functional capacity for coronary dilation and, therefore, coronary perfusion may be impaired by structural limitations of the coronary microvasculature. This may chronically lead to impaired coronary flow reserve and diminished myocardial O 2 supply-demand balance (7) . Additionally, the distinct stiffness profiles between coronary resistance microvessels and coronary conduit arteries suggest that current therapies targeting reduction of vascular stiffness may be ineffective. The decreased coronary microvascular stiffness in Ossabaw swine with MetS may represent a mechanism to compensate for the reduction in luminal area, enhanced myogenic tone, and/or increased myocardial stiffness. Future studies will determine the clinical impact of coronary remodeling and differential stiffness profiles between coronary microvessels and coronary conduit arteries in the setting of MetS and whether current therapeutic strategies are effective in mitigating adverse coronary remodeling. 
